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SUMMARY 9 95‘0 o

In May, 1963, the Department of Atmospheric Science of Colorado
State University began an investigation of certain aspects of infrared
radiation transfer through the earth's atmosphere under NASA contract
number NASr-147. The basic objectives of the study were: {1) to in-
vestigate the relationship between actual earth surface temperature and
the temperature of cloud tops and the observed temperatures of these
surfaces as measured by radiometers aboard aircraft and meteorological
satellites, (2) te provide ground and low level aircraft support for field
studies conducted by the National Aeronautics and Space Administration,
(3) to investigate the relationship between cloud top radiation and the air
temperature outside the cloud at cloud top height, {4) to investigate the
spectral emissivity characteristics of {aj various cloud types and (b)
the surface of the earth in desert, grassland, and forested regions.

During the period covered by this progress report (May 1963 -
February 1964) , 'm~ry emphasis has been placed on objectives one and

two. M&_)\Oa

OBJECTIVE 1

Introduction

The init1al emphasis ¢ " this objective has been an investigation
of the relationship between ac 1 temperatures of the surface of the
earth and the black body temperature as measured by a radiometer
mounted on the underside of a Cessna 180 aircraft, and by channel 2
(8-13 micron band) of TIROS VII. Basically this objective stems from
the need for a better understanding of the transmission losses in the
"window'' region of the spectrum of the terrestrial radiation passing
through the earth's aimosphere. -

Several researchers (Bandeen, et.al., 1961; Fritz and Winston,
1962; Hanel and Stroud, 1961) have used channel 2 measurements from
TIROS satellites to estimate surface temperatures of the earth under
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clear gkies, These estimated surface temperatures were invariably
several degrees too low. Wark, et.al, (1962) has shown that, even
though the absorption coefficients of water vapor and ozone are rela-
tively small in the window region, certain corrections in the satellite
measucement of outgoing terrestrial radiation intensity are aecessary
to account for the influence of these two atmosphceric consitutents. In
each of the studies reported, however, no exact values of the earth's
surface temperature were known.

In the investigation discussed in this report, an attempt was
made to obtain accurate measurements of actual earth surface temper-
atures in an area of nearly uniform vegetation and terrain. Surface
temperature measurements were made during different seasons and at
various times of the day and night, each observation time corresponding
to the time of an overpass of TIROS VII. Concurrent with each over-
pass, a profile of outgoing radiation measurements were recorded from
the earth surface to airolane ceiling height (approximately 17, 000 -
19,000 feet m.s.1.). The radiometer used for these measurements
was the infrared radiometer, model IT-2, manufactured by ithe Barnes
Instrument Co.

Radiation data from channel 2 of TIROS VII meteorological
satellite are currently being analyzed by Dr. Fujita of the University
of Chicago. This report will discuss only the nicasurements made
at the earth surface and from the airp.=ne.

Site Requirements and Method of Measurements

Measurement of the earth surface temperatures: KFmphasis
to date has been placed on collection of accuraie temperature meas-
urements over a region of relatively uniform vegetation within the
Pawnee National Grassland of Northeastern Colorado. Vegetation
within the grassland region consists, for the most part, of short
native buffalo and grama grasses. A few, small scattered acreages
within the national grassland are under cultivation, mostly to winter
wheat, Only small differences in outgoing radiation are noted between
the wheat fields and adjacent pasturelands during most seasons.

Fig. 1 shows the location of the Pawnee National Grassland, Fig. 2
shows a general view of the research site,




X

S0

T e

s 3

iy

Rt

sx et -

TeUOISaI ‘paydjey S[GNOL ST BadR puR[SSEJIY [BUOTIR)] daumed
‘£pnys pra1y uoreIpR S/ Ul pasn uorSaa puelssexs jo dewl

c0oL (13 §

[ d

*paydjey S1 22Je PpUe[SSedS

«»OL

SVSNVH

OF

oavyo10d

e+ o e -

3-
SO SNV VU

it

OGNy ssvaol
SYNOLLYN

INOAM

184

«201

g St P I R . - L -

o aerag e s, s N

«GOL

gy



il -

Fiz. 2 General view looking north across suriace tewnperature
measurement site. Fawnee Naticnal Grassland, Colorado.

Instruraentation for measure.aent of surface teaperatures has
been installed near the geographical center of the nationa. ~rassland
approximately fifteen ruiles west of Grover, Colorado. Twenty-eight
sensors were used in the first installation network, 7lhe sensors
consisted of small electronic stabistors spread over a circle of 100
foot radius, Changes in the tc.iperature of the stabistor proauced a
linear change in its resistance and was recorded by a wheatstone
bridge circuit. Due to da, :age by rodents, .his unit was replaced in
November 1983 by a second model whica eciployed forty therraistor
sensors spread over an area of 1,000 font radius, Siamltaneous meas-
ureinents using both units indicated niidday temperature differences
of less than 0.3° C. :

The true temperature of the surface of the earth is, at best,
an extrernely nebulou: value. This is due prinaarily to the extremely
steep gradients of temperature(both in the horizontal and in the vert-
ical) that frequently exist in thig zone. A perfect sensor for measuring
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the true surface tesmerature would have to be iniinitely ihin and possess
; y

ther.aal and moisture properties identical to those of the soil particles
theriselves. The presence of grass or other vezetation is a {urther
co:wpoundin factor in the .:easurer.ent of earth surface te.aperatures.
Fi-, 3 shows the distribution of temperatures in and around a si~2ll
The tecaperature
distribution shown in this figure are given as an exariple of the steep-
ness of the temperature yradients in the riicrolayer and indicate the

clusapg of buifalo zrass at 0500 on January 21, 1934,

difficulty of positionins sensors for determining true averages of surface
I 2 O

tec.perature, Te iperatures shown in this fizure were obtained by
using a portable thermnistor probe.

0900 M.S.T.

JANUARY 21, 1964

135°¢

WEST

Fiz. 3 Distribution of surface te

srasg clu..p 0966 MST, January 21, 19384,

.-<rature in and around 2 buttalo

To overco e, at least in part, the above described difficulties,

the sensors used were: (1) physically as s.:all as practical,

(2) painted



the same color as the soil surface (lizht Zrey), and (3) coated whilz
the paint was still wet with one layer of dvst, Iio, 4 shows a com-

Pperison of size of the two sensors used,

Fig., 4 Comparison of size of bead thermistor and stahistor unitg
used for surface temperature measurements,

The sensors werea placed randomly over the site area. Some
were laocated insice grass clumps, others on the bare ground between
clumps. The stabistor sensors which were placed on the bare grounc
were pressed haliway into the soil so that they measured the intezrated
temperature across the zone {rom 13; mm above to 1{7 mm below thz
soil surface. The bead thermistors which renlaced the stabistors are
iess than 1 mm thick and were installed flush with the soil surface.
Fositioning of the sensors is checked vrior to each measurement,



M‘ - ~ '

e

¥

e

ot s

parrys

e oo s
Ay

[

¢ A sy

) sali i
po

b
o

Fig. 5 '"Tent" shields used to eli. inate radiation heating of the
stabistor units.

To prevent erroneous teriperature rmeasureiaents dus to radiation
heating of the sensors during observation periods with strong sunshine,
"tent" shields (fiz 5), made fro. . louvered aluciinu n screen were placed
over the stabistor units a lew inutes before observation time. Meas-
vrements with and without the shields indiceted ins snificant tenerature
differences for the therristor beads. 1T siiclds arz used over the
theriaistor bead units,

Recording of surface temjerature waeasurements {rom the network
of sensors required approxiac.ately filteen dnutes for the stabistor unit
a..d five .niuutes for the therrristor unit, Two sets of 1.easureaients are
averages for eacii TIRCS VII satellite overpass [light.

Changes in earth surface te “peraiure within the recording period
are always ciuch siaaller than tue difference betweon oeasurement points,
Table 1 shows a sample of avera e surface teriperatures with their
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sta..dard deviations for different times of the day and night. Table 1
a1so shows a comperison of averaze temperatures as raeasured Dy
tiae thermistor vnits to averase black body temperature izeasured by
the 3° view, 8-13 iidcron filter radio.ieter hield approximately twelve
inches above the thermistor units,

The effect of ernissivity on the co:aparison of actual te-“‘pef'a-'
ture to black body radiation teraperature needs iuch further investiza-
tion., A4 pilot, laboretory study on the emissivily of grassland soils is
siven in /Zppendix £. - '

Air temperatures and relative humidities are ra2asured by a sling
psychrometer, ' ‘

TABLE 1. Actual ang Black Body Teciperatures. .
Pawnee National Grasslanc, February 10 and 11, 1934,
. } £Lctual Radiation

| Déte MST Curiace Standarc Black Body Standard
: Time  Temp.°C Ceviation®T Temp.° C Leviation°C
2/10/c4 1100 17,2 3.5 17,9 3.2
; 1300 23:; 4 3.2 21,4 3.2 ,
: 1500 13.6 3.3 17,1 3,4 i
! : 1935 - 4.3 1.5 - 2.5 1.3 :
} -2130 -3¢ 1.1 - 3.2 L3 :
; 2330 -~ 1.5 1.3 - 8.3 v S ‘
F/11/34 0130 - 7.1 1.9 - 5:3 2,5 i
i 0330 - 1.5 2.3 - 5.1 0.3 )

0540 -~ 4,4 2.7 - 3:3 1.0 .
' 0735 - 2‘ 4 1. 0 - 3. 2 o. 7 i
! 0945 3:4° 1,17 7.2 1,7
: 1150 12,0 1.3 11.9 0.8
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Aircraft radiation rmeasurements: firbornz measure:.ents
of ierrestrial radiation are ootained usin-; the IT-2 in{rared radio:..eter
(Barnes Instruinent Co,) wiounted on a Cessna 130 airplane. The IT-2
radioneter 2mploys an indiu 1 anti:-onide AR coated filter system
whici is transparent across the 8 to 13 fiicron region of the electro-
magnetic spectruin., Transiiission curves supplied by the 2arnes
Instru::ent Co, indicate that the trans.:ission of this filter .nay extend
well beyond 13 wiicrons. Independent spectrai calibration of the total
instru .ent is planned, ‘

B

- The view angle of the radioiieters used in the satellite overpass
flizhts is approxiriately 30°, Table 2 shows tlie relation between view

area anc height, Fizs, 3 through 11, taken at increasinz altifudes
above the zrassland site show the area viewed by the radio::eter,

L

TABLE 2. Area Viewed by the IT-2, 30° Fadiometer at
Various Hdeiziits ‘

eight above surface Dia.reter of area viewed
' 1,820 258
2,000 533
‘ 3, 0G0 303
£,000 10772
3,000 - 1207
3,000 2143
f 10,002 : - 2379
12,00¢C 3215 - :
14,0069 3751
12,000 42317

Response tiime of thi2 radioraieter i3 adjustable for either 50 or
590 illiseconds, the later beinz used on most flights to confor:a to
the response ti. .2 of the recorder used and also to reduce backsround
"noise' caused by sinall areas of non-representative suriace te: .pera-
tures, E
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Fig. 8§ Area viewed by 50° radiometer from 6,000 feet above
the zurface. Pzwnee National Grassland.
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Fig. 7 Area viewed by 30° radiometer from 7,000 feet above
the surface. Pawnee National Grassiand.
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Fig. 8 Area viewed by 30° radiometer from 8, 000 feet above
the surface. Pawnee.National Grassland.
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Fig. 9 Area viewed by 30° radiometer from 9,000 feet above
the surface. Pawnee National Grassland,
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Fig. 10 Area viewed by 30° radiometer from 10, 000 feet above
the surface. Fawnee National Grassland.
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Fig. 11 Area viewed by 30° radiometer from 11,000 feet above
the surface. Pawnee National Grasaland.
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Fig. 12 Comparison of 8-13 anc¢ 9-11 iaicron {ilter radiometer
for orbit 3245,

A seconc :adiometer, identical to the first except for a narrower
band filter system c¢entered on 10, 6 raicrons with a hali-power band of
1.1 microns has been flown alongside the 3-13 micron radic.eter on
several flizhts. Fig. 12 shows a co.uparison of the radiation tempera~
ture fror: the two instruments over the Fawnee National Grassland.

A third radiometer, identical to the first except for a 3° view
angle rather than the 30° view is used for special studies over grass-
land, desert, countain and water areas.

Suppleraental aircraft vneasurements: An aerograph was carried
aboard the aircraft on each overpass flicht, With this instrument a
.coinplete record of air temperature, relative humidity and pressure was
obtained. Clock failure resulted in loss of these data for a number of
flights between Cctober 20 and November 20, 19533, Precipitable water
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for use in the co. iputations of radiation transfer were obtained for
this period fro:: radiosonde soundings from the U. 5. V eather
Bureau office in Cenver, Colorado,

An ZEppley pyrhelioiieter was raounted on the top of the plane
and was flown on a nu wber of flights during the autumn of 1933,
Lata recorded fro.. this instru.ient was coimipared with a pyrhelio-
rieter at ground level as part of a study to quantitatively evaluate
the role of atinospheric haze on radiation attenuation. A discussion
of the results of these _aeasure.aents is found in Lppendix B.

Analysis and Discussion of Datla

Tizs. 13 taroush 43 show one-minute averages of terrestrial
radiation imeasured by the aircraft radiomster for the TIhOS VII
overpasses between July, 1563 and February, 1954, Radiation in
these graphs is expressed as equivalent black body tecaperature (°C)
for comparison wit surface and air ter:erature.

Curing the first filteen to twenty minutes of the first leg of
each flight, the plane flew over .:any types of surfaces -- farmland
vegetation, s:aall lakes, trees, etc., before reaching the grassland
region, After clicibinj to ceiling heizht, the airplane flew a criss-
cross pattern over a thirty :aile diaineter circle (corresponding to
the view area of the TIRCC satellite radiometer) for a short period
spanning the satellite overpass ti.ae. Fror the third leg of each
flisht, a profile of radiation was measured directly above the soil
teriperature site fro: ceilinz altitude down to ten feet above the earth
suriace,
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OBJECTIVE II

Introduction

Under the field study of ubjective 2, aircraft and surface
measurements were made by the Colorado State University research
group in conjunction with a balioon program carried out by the
Department of Astronautics and Aeronautical Engineering, Uni-
versity of Michigan.

The South Dakota field studv was conducted to obtain meas-
urements of terrestrial radiation at different heights in the atmosphere
using various instruments carried by a small airplane and a skyhook
type balloon. It was planned that measurements using these instru-
ments would be comparea to radiation measurements from TIROS
VII on its first orbits across the region. TIROS VII was launched
into orbit on June 16, 1963. Due to instrument failures followed by
adverse weather, the balloon borne radiometer package was not
launched until June 26.

Nearly continuous aircraft measurements of terrestrial radia-
tion (8-13 micron band) were made at various altitudes under the
balloon. Earth surface temperature measurements were obtained
at two locations along the flight path of the balioon.

Instrumentation

The airplane used in this study was the Colorado State University
Cessna 180. Two infrared radiometers (Barnes Instrument Co., Models
IT-1 and IT-2) were mounted in a camera port on the underside of the
fuselage of the airplane to measure the outgoing terrestrial radiation.
The IT-2 radiometer was used as the primary sensor with the older,
less reliable, IT-1 used as a back-up instrument. Filters in these
radiometers restricted measurements to the atmospheric window region
betweer 8 and 13 microns. View angle of each radiometer was a 30°
cone. An aerial camera (Model K-24) was also mounted in the planes
fuselage to take pictures of the earth's surface. Fig. 44 shows the
Cessna aircraft used. An aerograph mounted uader one wing was used
to record pressure, temperaiure and relative humidity.
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Fiz, 44 Lircraft used Jor infrared radiation v:zasurerients.,
)

fneasure.rents of earth surfece te. peratures were ootained
by a 23 point networi of stalisto. sensors. [ ccuracy of the stabis-
tors was better than 2° . (. .iore cetailed description of the surface
teraperature equip:..ent . 2y he [ound elsewhere in thig report), In
addition to te:aperature ezasure. 2nts, suriace soil sasr ples were
obtzined for moisture content.

Site Location

The {irst set of suriace te averature ewsuresonts were
oobtained approxi...ately {ive .il2s souti:east of i-itcnell, South Cakota
in shortjrass pasture (2-¢< inciaes tcll),. Sther < 2vetation in the zrea
consis.ed oi bare (round, cora [ielas ( .0stly bare), wheat anc other
grain.
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Bis by

Measurements were made at this site between 0840 and 0930
CST. During the period that these surface temperatures were being
recorded, a profile of outgoing radiation was obtained from the sur-
face to an altitude of 17, 000 feet m.s.1l. over the general area. The
balloon, travelling almost due west at an altitude of 110, 000 feet
m. s.l., appeared tc pass directly over the Mitchell site betweeln
0900 and 0930.
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SRy

Skies over :astern Scuth NDakota between 0800 and 0930 CST
were clear. Surface wind was southeast five knots (estimated).

e
Mavmrres

The second surtace temperature observation site was located
approxirately 7 miles south of White River, South Dakota. This site
iy was also a grassland pasture; however, the grass was generally much
taller than that at the Mitchell site. Average grass height here ranged
from six to twenty-four inches. Nearly all of the vegetation in the
region around White R.ver consisted of grass pastureland. The stabis-
tors were placed within the grass cover near the ground surface.

PRSP
1

The surface temperawure units at cach location were shieided
from the direct rays of the sun.

o b

1
i
&
Results and Discussion
§i
H . o . .
b Fig. 45 shows the terrestrial radiation measurements ohtained

by the IT-2 radiometer aboard the aircraft. Tables ¥ and 4 list the
surface and radiation temperature measurements at the *wo sites.
Table & summarizes the measurements made at the two s.tus.

1%.#1!

A layer of broken cumulus clouds moved over the White River
site during the period of meusurement, Bases of these clouds were
approximately 10, 000 fezt with tops near 13, 000 feet m.s.1. The
effect of cooler arcas of the earth surface in the cloud shadows is
noted in the comparisen of radiation temperatures to surface temper-
atures. When the plane was above 13,000 "~et m.s.1l., the radiometers
integrated the radiation from the cloud tops as well as the earth surface.
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T/BLE 3. Surface and Radiometer Temperature Measurements.
Mitckell, South Dakota Site,

Time Surface Temp. (CC°_Altitude {ms.l.) Sensor
0823 Smali lake 19.8 1, 600 IT-2
0820 Corn field (mostly bare) 26.9 1,850 IT-2
0829 Wheat-corn complex 26.9 1, 900 Ir-¢
0830 Pasture {(over site) 28. 2 1, 950 iT-2
0835 Pasture {over site) 22.17 3,500 17-2
0840 Crop-pasture complex 23.8 5, 500 IT-2
0845 Crop-pasture complex 22.17 7,500 iT-2
0850 Crop-pasture complex 22.5 10,800 IT-2
0852 Crop-pasture complex 22,2 13,000 IT-2
0903 Crop-pasture complex 20.8 14, 000 IT-2
0806 Crop-pasture complex 22.17 15, 000 IT-2
0213 Crop-pasture complex 22.9 16, 000 IT-2
0920 Crop-pasture complex 24.3 14, 000 IT-2
0925 Crop-pasture complex 21.5 11, 000 ‘ IT-2

; 0930 Crop-pasture complex 22,17 7,000 IT-2
0840-093C Pasture 29. 4 surface Stabistor
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4. Surface and Radionieter Tempe:a‘ure Measurements.

White River

South Dakota Site.

| Time Surface Temn, (°Ch Altitude Gn.s. L Sensor

+ 1322 Pasture 28.2 6,000 iT-2
1326 Pasivre 28.7 8 GO0 IT-2
1330 Pasture 25.2 10,000 IT-2
1333 Fasture 25.4 i1, 000 IT-2
1335 Pasturc 26. ! 12,000 1T-2
1338 Pasrure 22,2 13,000 172
1341 Pasture 24.8 14,000 1T-2
1330- 13240 Pastur« 1.0 surface stabistor
1344 Pasture 28.7 15 000 1T-2
1345 Pasture 23.5 15, 000 iT-2
1.,18 Pasture 24.8 16,000 1T-2
1350 Pasture i8.8 i6.000 IT-2
1340-1350 Fasture 38.6 eneface stabistor
1354 Pasture 23.8 £, 000 IT-2
1358 Pasture 23.0 12, 060 1T-2
1400 Pasture 15.6 10,000 IT-2
1404 Pasture 24,8 15,000 {T-2
1409 Pasture 25,7 14, 000 iT-2
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TABRLE 5. Surface and Aircraft Measurements. South Dakota
Balloon and Satellite Field Study, June 26, 1963.

Site 1 Site IT

PR _
Location 5 mi. SE Mitchell 7 mi. S. White River
'Time 0840-0830 C. 5. T. 1330-1350 C.S. T.
Radiometer (emp. (*C), IT-1 20.3 18. 6
Radiometer temp. (°C), IT-2 23.0 24. 9

Number observations, IT-1 23 16

Number oksgervations, IT-2 23 13
Soil surface temp. (°C) 29. 4 40 40.3

Number observations 52 52
Air temp. (°C) 26.4 30.6
Relative Fumidity (%) 58 62
Precipitation table, H,0 (in.) .7R .00
Cioud cover ciear a(y%
Remarks excellent conditions balloon above clouds

Fig. 46 shows the 8-13 micron radiation temperature measured
by the TIROS channel 2 radiometer aboard the balloon goncola. Fig.
46 supplied by Dr. —artman of the University of Michigan.

The second objective of this phase of the study wil! be to obtain
the measurements of earth surface temperatures and radiation in the
8-13 and 9-11 micron band of the spectrum cver a vegetationless desert
region, a dry lake bed near Edwards Air Force Base, California. Meas-
urements at apprcximately 20, 000 and 45, 000 feet will b¢, compared to
actual surface temperatures and to TIROS VII measurements if available.
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OBJECTIVE I

Introduction

This objective is a study of the black body radiation temperature
of cloud tops as compared to the air temperature outside the clowd at
the same altitude. The optical depth of the cloud i. e. the distance into
the cloud that the radiometer '"'sees", is dependent upon both the density
and the nature of the cloud droplets. Cirriform and other thin clouvd
layers do not absorb all the incoming radiation. Satellite radiometers
tend to overestimate the ternperiture of these cloud tops.

From the small amount of data collected thus far, (Table 6)
it appears that the water droplets of cuinulue cloud tops are sevcral
degrees colder than the air at ‘he same altitude. The difference in
temperature is probably due to the fact that the droplets at the top of
the cloud are being cooled by evaporation. Measurements over an
alto- cumulus cloud deck, however, showed cloud droplet temperature.
somewhat warmer than the free air temperature at cloud top height.

The lack of suitable clonds, in particular, clouds with tops
below 18, 000 feet over the high plains of northern Colorado have
limited this phase of the study. A field trip to the Gulf of Mexico
region is planned for early April to study cloud radiation character-
istics.

OBJECTIVE IV

The investigation of spectral emissivity characteristics of clouds
and earth surfaces has been delayed uniil the University of Michigan
personnel have completed their studies with the Perkins-Elmer gpectro-
meter.
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TABLE 6.

o A SR I

Temperatures (8-13 micron)

Comparison of Cloud Radiation Temperatures to Air

. . . Black Body Air
Date Time Altitude Cloud Type Temp. °C  Temp. °C
Location: Over site at Briggsdale, Cclorado
11/:1/63 1522 18,000  Thin cirrus top - 6.0 -12.5
- 1540 18, (00 Between layers at clouds - 5.0 -13.0
1549 15, 600 Ailto-cumulus top -10.0 -~ 6.6
1550 14, 500 Alte-cumulus top - 9.0 - 6.6
Location: Colorado Springs, Colorado
12/31/63 1114 17,500  Alto-cumulus top -10.5 -18.8
1116 18, 000 Alto~cumulus and alto- -15.5 -19.4
stratus deck (
1125 18,000  Alto-cumulus top -17.0 -20.5 !
1134 18, 009 Alto-cumulus top -17.0 -21.1
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APPENDIX A

Laboratory Investigation of infrared Radiztion and Soil Emissivity

by

Alan Anderson

Radiometer Sensitivity

A series of tests were conducted in an environmentai chamber
to determine the sensitivity of the Barnes Infrared Radiometer instru-
ments,

In these tests a radiometer with a 9-11 micron filter was located
in lie chamber above a gseven foot square area covered with about three
inches of grassland topsocil. The soil used was typical of that found in
Northeastern Colorado where aircraft and ground measurements are
being conducted to determine surface temperatures. The sensing head
of the radiometer was positioned such that its field of view included only
area covered by the topsoil. Conditions in the chamber were stabilized
near 25°C. and 20% relative humidity.

The actuazl tests involved the use of {wo smaller areas of the
same topsoil which were superimposed upon the larger base area. One
of these had an area equ:l to aboui §% of the total area viewed by the
radiometer, the other 24%,

These smaller areas were th:n heated or cooled so that a
stabilized temperature differential (Ta - Tb) existed between them

and the base area., (T_ is the temperature of the small area and T
. a b
that ot the base).

After this temperawre differential was established, the smaller
areas were moved to various positions with respect to the center cf the
viewing area of the radiometer and the following measuremsents were
recorded:

The distance from the center of the smaller area to the center

of the viewing area in terms of percentage of viewing area radius was
plotted as an absvissa (D).

A-l
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The temperatures measured by the radiometer with the smaller
areus in these various positions were recorded and converted to equiva-
lent black body radiation values (R%. The radiometer ueasured
temperature of the uniform base area was also converted to an equiva~
lert black body radiation value (R)) . The difference (R, - R)
was then converted to a percent changein R_; (R _~R"'")Y/ k_ x 100%
and plotted as the ordinate (AR 0). ° ° °

The temperature differentials were created ana maintained by
an electricaily powered nichrome wire grid for heating and dry ice
under an aiuminum plate for cooling.

The change in radiation due to an area of temperature differential
is proportionsl to the magnitude and area of the differential and inversely
proporticn to its distance from the center of the area being viewed. Thus
the area near the center of the viewing field is the most important in de-
termining the mean temperature of the field as measured by this radio-
meter.

As can be seen from the accompanying figures (Figs. A.1-9)
even when a temperature differential of 13.3°C. exists over 24% of
the view area, the maximum radiation change is only about 11%
(Fig. A.1).

The amount of this maximum change is, of course, still lower
when the area and/or magni.wde of tl:e ditferential is decr-ased. The
rnaximum change in radiation when a temperature differential of 13. 9° C.
covers 6% of the view area is only about 2% (Fig. A.8).

The values of temperature differentials used are thought to
approximate thuse actually occurring in the field.

Soil Emissivity

The emissivity of the grassland soil was estimated in the following
wa:

A portabie infrared source (Model 11-140, Extended Area Infra-
red Radiation Source manufaciured by the Barnes Engineering Company)
with an emissivity of 0.92 + 2% was put into the environmental chaiaber
and left there so that its temperature became equal to that of the soil.

The 9-11 micron radiometer was then used to measure the emitted
radiation frem each surface separately. At the time of the test, the

;;"2
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temperatures of the emitting surfaces were 26.2°C, and 26,3°C. for
the reference source and soil respectively. The outgoing radiation as
measured by the 9-11 micron radiometer was the same for both surfaces.

If one allows for the error introduced by the instruments, the
temperatures of the two surfaces are also equal. Thus one can con-
clude that the emissivity of the soil used was approximately equal to
that of the reference source (e = 0.92) .

Further emissivity tests are planned, both in the environmental
chamber and in the field using an ''emissivity box" similar to the one
designed by the Department of Meteorology, University of Washington.
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Rodiometer Sensitivity -Jon 22, 964
)
.
i Arec of temp. ditterential
N\ region A=24% ot view
™ area
A '13)EL (aT)++13,3°C

Fig. A.1 Relationship between radionieter iueagsureqent and the
position of a temperature differential of given magnitude
and area, AT =13.3°C, A = 24%,

AR,
0%}

4%

Radiometer Sensitivity - Jan.24, 1064

®
P Area of temp. differential
\y ragion Aaz24% of viow
&) areaq
{at)3+11.7¢C

Fiz. A.2 Same as Fig, A.1, AT =11.7°C, A = 24%.
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4R, Jon. 28,1964
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Fiz, A.3 Sareas Fiz, A.1. AT =-12.57, £ = 24%.

aR, Jan. 23, 1064
4 %

As24 %
(A7) 28.6°C
-1 L

0 55% %

L

Fig, £.4 Sa:-e as Fig. 2,1, AT =5,5°C, A = 24%,
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Fig. A.5 Same as ¥ig. A.l. AT = -6.1°C.
AR, Dec.10, 1983
4 AsG%
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Fig. A.§8 Same as Fig. A. 1. AT = 5.3°C.
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AR, Rodiometer Sensitivity - Dec. 56,1983
4 Area of temp differential
region Ax8% of view
orea
2 &Q&c\ oM
o T == aeaP
50 % 100% 15C%

Fig. A.7 Sarmaeas Fig. A.1. AT =-7.83°C. AT = -5.2°C.

A = £%.
aR, Rad:ometer Sensitivh/- Nov 22 1963
40,.L Area of temp. Aersntial
region A:3% of view
area
T 09C
3"%' -1
\l\\ix
80% 100% iﬁq.

Fig. A.3 Same as Fig. A.1. AT =13.9°C. A = 6%.
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L.PFENDIX B

£Ln Indirect £ pproaci for the Svaluztion of the
Conceatration of Particulate iiaterial in Atmospheric Haze

by

.. D, Tabler

Introduction

V hen aircraft measureiments of outseing terrestrial radiation
in the 8-13 :iaicron waveband were compared to actual earth surface
te:uperatures for various synoptic coanditions it was observed that the
zbsorption of radiction by the at.naosphere is related to the turbidity
of the lowest layers of the atiitosphere. Absorption of long wave rad-
iation by tae atinzospuere for six cases when the aircraft observer re-
norted light to dense haze averaged 11.1% greater than for an equal
nu:aber of 'clean' at.nosphere cases.

The eticct of atiospheric haze on incoining solar radiation was
also reasurad, “ nu.aber of flizhts were mzde with an Eppley pyrhelio-
.eter raocunted on the top of the airplane (Fiz. B,1). Iieasurements
with this instrument were recorded si..ultaneously with another Eppley
pyrhelic.neter at the surfaces. Fro.: coinparison of these easure-
ments (Figs., 3.2, 3, 4) one can zet 2n estiima te of the abs»rption of
solar radiation by haze layers.

Ob]'ective

To test the feasibility of this approach to the quantitative evalua-—+
tion of the density of atmospheric haze, an experizient was conducted
to deteriaine the dust conteni ¢! the lower 2ir over Fort Tollins, Colorado
using the Brooks(1959) equation for trans:aittance of whole spectruin
direct beain solar radiation.
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Fig. 8.1  Zppley pyrheliometer mounted cn top of the aircraft
for measurement of incoming solar radiation, i
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Fig. 3.2 Simultancous measureinents of incoming solar radiation

from Eppley pyrheliometers on the ground and on the top
of the Tessna 180. November 1, 1884,
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Fig, B.3 Simultaneous measurements of incoming sol radiation
from ippley pyrheliometers on the ground and on the top
of the Cessna 180, January 21, 1364,
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axl
1480 600 1510 B0

Fig, B,4 Same as Fig. B.3. February 10, 1864,
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Frocedure

>n Nove ibe. 13, 1903 between about 1500 and 1800 MST
simultaneous sciar radiation neasurements were made with an Eppley
pyrheliometer on the ground and another :aounted on a Cessna aircraft.
These measurements were repeated with the aircraft at 500 feet ele-
vation levels startinz at an elevation of 5, 500 feet and continuing to
3,000 feet m.s.l. .slevation angles of the sun were recorded for each
wieasurement, Fressure and air temperature measurerents also were
taken froin the aircraft, A Denver radiosonde sounding (1700 1V.ST)
was obtained frora which precipitable water was computed for the levels
of interest after verifying the similarity of the Denver observations with
the aircraft temperature and pressure data.

The basic Brooks' equation (1959) as modified by Gates (1562)
is as follows:

3, 2.2 exp [-0.088 (P /1613% 7 - 0.174 (w1i/20)°°8 - 0.83 (a0)°*?]
r

where C flux of direct sunlight on a surface perpendicular to the sun's
rays in ly/iin.

p = air pressure in b,

w = total precipitable water vapor in the atmosphere in the zenith
direction (in iuin, )

concentration of dust particles in number/cc

M = air mass

radius vector of the earth

[« B
]

~
L}

The above equation was modified to allow computations based on differences
between ground and air :aeasurerents to be used rather than the absolute
values of ground and aircraft incident radiation. This adaptation see.aied
desirable for several reasons. First, recorded vzlues of radiation were
higher than should have been obtained due principally to the small elevation
angle of the sun (Fig. B.5). Conversion of horizontal radiation measure-
cents to values of sunlizht received on a surface normal to the sun's rays
is accomplished by ultiplying the recorded readings by the cosecant of

of the sun's elevation angle., Since cs¢' a—= a= 0° elevation angles
qust be :neasured very precisely if errcrs are to be kept within acceptable
limits. This source of error could be :1iinimized by working with differ-
ences between ground and aircrait .:easurecients. A second reason for
s1odifying the equation was to obviate the reed for precipitable water .neas-
ure:aents throughout tlie total at-nosphere. Thirdly, since the basic
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Fig. B.5 Graphical corrzction of pyrheliometer measurements of
incoming radiation for changes in sun angle.

equation has been derived for direct sunlight radiation, the influence
of scattered and diffuse radiation on the final resulte is keptto a
minimum. It should be emphasized that the modification of the equa~
tion for layer analysis is required only when the error ecffects ncted
above are of such a magnitude as to result in negative values of the
exponential term when applied individually to ground or aircraft
readings. If positive values of the exponent were obtained, subtract-
ing the calculated dust concentration based on the ground reading
from that based on the circraft observation would eliminate the error
sources noted above as well as the modified differential layer forin
of the equation. In this experiment preliminary analysis indicated
«hat development of the following equaticns was essential.

The theory of the modification is that the nature of the Jdeple-
tion function is the same for a small differential layer of air as it is
for the total atmosphere. Since the original Brooks egnation is empir-
ical, the walidity of the foregcing assumption would have to be tested
experimentally. The utility of this approach should justify future
research with this intent.
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Derivation of equation:

Let I__ = normal incident direct beam radiation at the top of the layer
L in question. This value is analogous to and replacas
'I‘z/r2 of the original equation (ly/min).

L = the thickness of the air layer of interest, whose lower bound-
ary coincides with the ground surface at some eleveion E
above m. s. 1. (ft.).

P = total pressure at the ground at the bottom of L . This is
the same term as in Brooks' equation (mb).

Q_ = normal incident direct~-beam s>lar radiation at ground level
at the bottom of L . This is the same term as 1a Brooks'
equation (ly/min).

AP__ = the differential pressure of the air layer L , as measured by
the aircraft (mb),

AP = the theoretical differential pressure of the air layer L for
the stundard atmosphere (mb).

AWm = measured precipitable water content of the layer L (in mm).

AW = theoretical precipitable water content of the layer L for the
standard atmosphere (in ram).
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Tae air depletion term of the Brooks equatior, 0. 089(1\513/1013)0'75

relates at.iospheric pressure to the number of rir molecules which

are available for absorption and scattering of sclar radiation in the

total atmosphere above the point where @, is measured. The term
P/1013 includes two corrections, one of which is for air mass char-
acteristics at the time of observation. For the air layer L, by analogy,
AP, /L\P corracts for air mass charucteristics, and elevational dif-
ferences are not involved due to the differential treatment. The number
of air molecules irvolved in depletion must now be reduced for the layer
by the ratio L/A . This can be accomplished utilizing the pressure
terms AF,, /P so as to obviate the need for density correction. The
modified air rmolecule denletion term now becomes

MAP 2
MAP, AP, m .75
0.089 [ (— m)(—m)] =0.089[-——-—-—]'
PAP,

The air mass terta M is unchanged due to its definiticn,

Directly analogous reasoning results in the differential water
molecule depletion terim

MAW. AP
m m 0.6
0.174 Liggr—) (=) ]
AP

The porticn of this expression reducing the effective depth of
the atmosphere assumes that the water vapor is distributed in the
atmosphere in the same fashion as are the air molecules. It must
be emphasized that this is only an approximation and coulu Le in
error under certain conditions.

The resultant differential layer form of the transmittance
equation may now be written

— 2 .
MAF MAW_ AP

_ m ,0.75 m m 0.6 0.9
Qp = Ina exp [-0.089 ( PAP ) -0.174 ( PAWS ) - 0.083(dM) "]

ing in t 2
solving in terms of d, MAP p MAW AP 0

( )0 5 ( m_m, .6
InI. ~-0,089 " PAP - 0,174 PAW - InQ
d= —];- [ na S S p ]
m 0.083

The susceptibility of the results to errors in calculating M is still
present in the final equation, and is the largest potential source of

B-17
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error at low sun angies. To minimize this error, a more refined
forra of estimating i was used in this experiment rather than
assuming M = csc  (where J = elevation angle of the sun). For
the purposes of this experiment, 1. =csc(3+ C) where C-=
correction factor denoting the departure of csc 8 from the optical
air mass. Values of C were calculated from Table 137 of the
Smithsonian IMeteorolngical Tables (1951).

Results

1. Observations oorrespondina to aircraft elevations of 6, 500
feet were discarded because the € observations at the ground were

larger than those at the plane. Rcr*?ammg data yielded the following
resulis:

Layer ft Ave. dust conc, Relative dust conc.
’ particles/ce particles/cc/ft,
sfc. -~ 5500 0 0
5500 - G000 0.846 0.001694
6000 - 7000 1.787 0.001737
7000 - 7500 0 0
7500 - 8000 0 0
Elev. level Cumulative dust concentration
ft. particles/cc
sfc ~ 5500 0
sfc - G000 0.510
stc - 7000 1.21
sfc - 7500 0.942
sf - 3000C 0,777

Figs. B.5 and B.7 sihow the results graphically.

2. The orders of magnitude of the results are reasonable.
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3. The calculatad upger li:nit of the dust concentration
(C000-700C ft.) corresponds well to the visual top of the haze laycr
ohrservead during the experi.ient (507 ft.)

4. The chanze in calculated cu..xulative dust concentration
with neight above 7000 fest agrees almost perfectly with the theoret~
icel values assu...ing nesligible dust content above 7009 feet,

5. The princigal discrepancy in the results appears to be
tie absence of dust i the surfaze - 5500 foot layer.

Sources of error: The pricary source of error using the
ozafied equation is that introduced in the calculation of the optical
2ir masz M ; the low sun angles prevailing during the experiment
probably account for a major part of the discrepancies in the results.

Standard aismoschere Constants

[RREOWN paean
P IWETTY S

-y

,4
cmenvd

L

- A -y,
B

- v ¢

—n———

[RSDE -

A~

Zlev. Eiev. AF, W By P w - Accums Accum,
ft. m. mb,  g/kg mm - mb g/kg, AP.mh F, mm.
5170{sfc) 1580 . '837.4 5.3 0 0 ;
5500 w20 20 220 004 37z w2 1100 0.544
5000 1839 [0'% sin g pgq 312:1 5.8 @ 253 1.574
' 8500 1830 0 Lo olgeg 739 5.8 ! 40,5 2.458 |
7000 23140 |22 20 l7as (814 5.25 . 56,0 3.31€ |
750C 2280 |0 0" olgas 757.9 5.0 69,5 4,021
3000 2440 |00 ae ofso. (T525 4.3 84,8 4,136
3500 2590 o oY olsrg 723.8 4.5 97.3 5. 450
9000 2740 ¢2 0 Bede W 724.8 4,25 .112,§ 8. 636
E-10
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1.

Calculations of precipitable water from Dcnver Raob:

Py

P =1/980 f W dp
w
Py

where Pw = precipitable water in ¢m.

e'

W = mixing ratio in g/kg.
dp = p.-essuie ctange in millibare.
5170 - 5500 ft,
= 1/980 (3. 65) (844.5 - 83%.1)

= 3.65/980 (9.4) = 3.50 x 10°2 cm
= 0.350 mm (0.0i28 in.)

5500-6000 fI.
Pw = 3.2/980 (835.1 - 320.8)

3.2/980 (14.3) = 4.6« x 16"2 cm
0.467 mmn (.0184 in.)

600¢ - 6500 ft.
Pw = 3.3/98C (820.8 - 806.5)

3.3/980 (14.3) = 4.81 x 1072 cm
0.481 mm (0.189 in.)

6500 - 7000 ft.
P_=3. 25/980 (806. 5

3. 25/980 (14. 3)
0.475 mm

792, 2)
4.75 x 1072 cm

7000 - 7500 it.
P_ =2,45/980 (792.2
w

2.45/980 (14. 3)
0. 358 mn

777.9)
3.58 x 1072 cm

[

B-12

. o o S i I e

RSN



'
{

X s e o AL e LSRN

- - ST, eer R Tt GCROPRY LS A T, = T
I . .

PR R v ]

f. 7500 - 8000 ft.
Pw = 1.875/980 (777.9 - 763. 6)

= 1.875/980 (14.3) = 2.74 x 10"2 cm
=0.274 mm

g. 8000 - 3500 ft.
P = 1.80/980 (763.6 - 749.3)

1.80/980 (14.3) = 2.63 x 10”2 cm
0.263 mm

non

h. 8500 - 9000 f*.
P =1.725/980 (749.3 -735.0)

= 1.725/980 (14.3) = 2.52 x 1072 cm
= 0.252 mm

2. Calculation of dust concentrations surfaée to 5500.

I, =152 ly/min
AP =9.0mb

m
APS = 10.1 mb
M = 4,222
AWM = 0.35 mm
AWS = 0.644 mm
Qp = 1. 49 ly/min

Calculation of factors:
1. InI =1 1.5 =0,.41871
na n

o (2™} (2Fm () (4. 222) (9. 0)
T APS P

(10. 1) (837) -

B

3. (0. 0405)'75 = 0.0905

B-13
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AP\ (0 3s)4. 222)09. 0)

Py / (0. 644)(837)

AWmM
4. AWS = 0,0217

5. (0.0241% % = 0. 1088

0. 3988

6. anp = 1n 1.49

CRaH e D

substitute in equation:

(2. 13
berave s

d = ——-~

4,222

1 [o. 41871 - 0. 089(0. 0905) ~ 0. 174(0. 1088) - 0. 3988]1‘ 11

0.083

By §
teosunaont

_ 1 [o.41871 - 0.00805 - 0.01891 - 0.3988] !
7,222 0. 083

[ ]
[Snt—

1.11

1 {-.00705} ' 1
( T 4.22 "0‘085}

" 4922 | 0.083 |

C-—-.l‘

0 w/in. limits of experiment error <—furface 10 5500 ft.

[y
o))
[}

Surface to 6000 ft.

AL Py
L ]

I, =176 ly/ min
AP =27 mb
m
. APS = 25,3 mb
m = 4,374
AW = 0,817
m
AWS = 1,574
Qp = 1. 40 ly/min.

Calculation of factors:

1. InI__=1In 1.76 = 0.56531
na

N BN B B

, AP _M AP o 2714 374)27) | o 4504
= B (25. 3)(837) a
\

3. (0. 1504)0'75 = 0,242

= o=

B-14
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= 0.0731

AW,s P (1.574)(837)

. (AWmM) (Apm) . {0.817)(4. 374)(27)
2]

5. (. 0731)'6 = 0.208

6. anp =1n 1.40 = 0,33647

Bubstitute in equation:

_ 1 0. 56531 - 0.089(. 242) - 0, 174(0. 208) - 0.33647 1.11
d =
m 0.083

_ 1 {0.56531 - 0,02153 - 0.0362 - 0.33647] 1+ 1!
m | 5. 083

1 foam (i 1 1.11

. ; = —1__ (2.08)
3,374 | C.083 1.374

s —L (2.23) = 0.51
1.374 > y

~d = 0.510 particles/cc <—surface to 6000 ft,
Surface to 7000 ft.

na ° 1.60 ly/min.

AP_ = 55 mb
m

AP, = 56 mb

m = 4,797

AW_ = 1.759
m

AW = 3.316

Qp = 1,00 ly/min,

Calculation of factors:
L (2EmM) [SBn Y 5)a. 19165) | g0
AR Py ) {56)(837) '

B-15
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2. (0.309)%7% = 0,415

3. Ini _ =1n 1.60 = 0.47000

na
) AW M\ [AP_ (1.759)(4.797)(55)  _ g7
AW P 1G.316) (837) .
s B
5. (0.16M% % = 0.342

6. anp =ln .00 = 0

subsiitute in equation:

g= 1 0. 47000 - 0.089(0. 415) - 0.174(0. 1672)] ** !
T 4,797 0. 083
1.1:
__ 1 [0.47000 - 0.0362 - 0.0291]
. 4,797 0. 083 )
o1 [o.404\MM 4. g7l - 578
4,797 |0.083 4,797 ' - 49T
surface to 7000 ft.
~d= 1,21 particles/cc < '

Surface to 7500 ft.

I, =0.99 ly/min
AP =70 mb
m
APs = §9.5 mb
m = 4, 994
AW = 2.116 mm
m
AWs = 4,021 mm

Qp £ 0.833 ly/min.

Calculation of factors:

1. InI__ =1n 0,995 = -0.005
na

B-16
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AP
m

Pp

_ (70)(4. 994)(70)
(69.5)(83%

(V]

= 0. 420

Y

(0. 42)0'75 = 0.524

( AWM ) ( AP \ _ (2.116)(4 994)(70)

(44

S

W = = 0,218
s

P ) (4. 021X837)

0.219)%% - 0. 402

(42}

S. anp =1n 0.633 = - 0,457

substitute in equation:

1 [-o.oos - 0.089(0. 524) - 0. 174(0. 402) + 0. 457] 1.11

d= 3592 0.083

-*

_ 1 [-0.005 - 0.0465 - 0.0700 + 0. 457] * 1
7.594 0. 083

] (0.3355‘1"'1 1

. _ 4.70
7994 |0.083 | 4.994

1.11
(4. 04) - 4. 994

0. 942 particles/cc & surface to 7500 ft,

[«
1]

Surface to §000 ft.

I = 0, 891 ly/min
na
AP =83 mb
m
AI-"s = 8§3.8 mb
m = 5,257
AW, =2.390 mm

M
AWS = 4,786 mm

Qp = 0. 581 ly/min.

Calculation of factors:

1. InlI =1n 0,881 = -0,11541
na

B-117
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AP M
m
AP
-]

= 0.518

AP | (8.3)65. 25M)(83)
E ) 2. 8 (847

3. (0.516)0'75 = 0,611

/AWmM) ( APm) _ (2.39)(5. 257)(83)

\ AVJS P Inam\ = 0' 261

4, -~
B (4. "88}(337)

5. (0.261)0'6 = 0. 446

6. anp = 1n 0. 581 = -0, 542

substitute in equation:

4. 1 -0, 11541 - 0. 089(0. 611) - £. 174(0. 446) + 0,543 ' 11
5. 257 0. 083
r . 1,11

__ 1 [-0.11541 - 0.0544 - 0.0775 + 0. 543
5.257 [ 0.083

_ 1 0. 2957 1. 11 SN WENPPIPNS U5 E RS X1
5, 257 J.083 5.257 ‘'Y 5. 257

~d = 0,717 particles/cc < surface to 8000 .

L%
AT

rc‘t;':&,,'

)

3. Conversion of concentrations in layers from ground to aircraft to
concentrations in elevational zones.

1. Concentration in layer surface to 5500 ft. (5170 - 5500 ft.)

C = 0 particles/cc < surface to 5500 ft.

2. F500 - 6000 ft.

’~
‘330)(023;0“’00)(}() = 0.51 particles/cc

. 500X _

B30 0.51

(0. 51)(830)

X = %00

= 0,846 particles/cc
5500-6000 ft,

~C = 0,846 particles/cc <%

B-18
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5.

6000 - 7000 ft.

(330)(0) + (500)(0. 846) + (1000}(X)
1830

= 1, 21 particles/cc

422 + 1000X = 2210

2210 - 423 _ 1787
1000 1600

s L= 1. 787 particles/cc

~C = 1,787 particles/cc < 6000 - 7000 ft,

7000 - 7500 ft,

(330)(0) + (500)(0. 846) + (1000)(1, 787) + (500)(X%)

= 0, 942 part./cc

2330
423 = 1787 + 500X = 2195
.« . 2105 -423 -1787 _ -15 _
le = 500 -5_6-6 0.0
" C = 7000 - 7500 ft.

0 particles/cc <

7500 - 8000 ft,

(330)(0) + (500)(. 846) + {1000)(1. 787) + (500)(0) + (500)(X) _

2830 0. 7177

423 + 1787 + 500X = (2830)(0.777)

_ 2200 - 2210 _ -10
500 500

o x

. C = 0.0 particies/cc e-—200 - 8000 ft.
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Conclusions

This experiment shows that it is possible to obtain a quantitative
evaluation of the conceniration of particles in atmospheric hazes. There
are, however, several criticisms of this method. First, the basic
equation by Brocks, based on observations and calculations by Moon
(1940) is empirical. It is difficult or impossible to evaluate the accuracy
of the constants used in the equation. Second, haze density may not have
the same effect on terrestrial radiation that it har ¢ solar radiation,
Third, the density of haze laye:s varies with the wind speed and temper-
ature lapse rates in the atmosphere. Measurements made at on~ time
of the day may not be meaningful a few hours later.

Further investigation of this approach to evaluation of haze density
is planned.
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